ABSTRACT Approximately 8% of calyptrate species diversity comes from the Calliphoridae, which includes ßies of medical, veterinary, and forensic importance. The status of family Calliphoridae has for years been the central systematic problem of the superfamily Oestroidea, and phylogenetic relationships between the key groups of the Calliphoridae are unresolved and controversial. We reconstructed phylogenies of the Calliphoridae within the larger context of the other Oestroidea based on 5,189 bp of combined data from one mitochondrial (cytochrome oxidase subunit one) and three nuclear (carbamoylphosphate synthetase, elongation factor one alpha, and 28S ribosomal RNA) genes using maximum parsimony, maximum likelihood, and Bayesian methods. Trees obtained from the different phylogenetic methods were almost identical. Calliphoridae is polyphyletic, with the phylogenetic position of Mesembrinellinae still uncertain but clearly outside the lineage that includes other Calliphoridae and some noncalliphorids, and Polleniinae is the sister group of the family Tachinidae. Strong support for a sister group relationship between Rhiniinae and traditional calliphorid subfamilies conßicts with a recent proposal to give Rhiniinae family status. All calliphorid subfamilies (except Calliphorinae) for which we had more than one species were monophyletic. Melanomyinae was nested within Calliphorinae. Toxotarsinae was more closely related to Calliphorinae rather than, as indicated by morphology, to Chrysomyinae. Efforts to resolve the relationships of the Oestroid families were largely inconclusive, although the monophyly of the superfamily was strongly supported.
. Morphological analysis supports the monophyly of the noncalliphorid oestroid families (Pape 1992 , Rognes 1997 .
Oestroid Taxa of Uncertain Phylogenetic Position
Rhiniinae. Rhiniinae have been placed within a monophyletic Calliphoridae (Pape 1992) or as a sister group to Sarcophagidae ϩ Tachinidae (Rognes 1997) . The latter hypothesis inspired recent authors to raise its rank from subfamily to family (Evenhuis et al. 2008) . Recent molecular systematic analysis also supported a family level upgrade of Rhiniinae as a sister group of Calliphoridae ϩ Tachinidae ϩ Oestridae ϩ Rhinophoridae (Kutty et al. 2010) or Calliphoridae ϩ Sarcophagidae (Marinho et al. 2012) .
The More Obscure Calliphorid Subfamilies. Toxotarsinae was grouped with Chrysomyinae based on morphological characters such as setose upper surface of stem vein and setulose subcostal sclerite (Pape 1992 , Rognes 1997 , and with Calliphorinae ϩ Melanomyinae based on DNA sequences (Kutty et al. 2010, Singh and . Similarly, the phylogenetic positions of Bengaliinae, Helicoboscinae, Calliphorinae, Polleniinae, and Mesembrinellinae differ in the two most extensive morphological analyses of the Oestroidea (Pape 1992 , Rognes 1997 . In recent molecular systematic analysis Bengaliinae was nested within Chrysomyinae, Helicoboscinae was the sister group of Rhinophoridae, Calliphorinae (including Melanomyinae) was the sister group of Toxotarsinae, and the systematic positions of Polleniinae and Mesembrinellinae were unstable (Kutty et al. 2010) .
Rhinophoridae. Rhinophoridae has been considered a subfamily of the Calliphoridae (Bedding 1973 , Kutty et al. 2008 or a separate family (Brues et al. 1954; Rohdendorf 1967; Hennig 1973; Crosskey 1977; Tschorsnig 1985; Pape 1986 Pape , 1992 McAlpine 1989; Rognes 1997; Pape and Arnaud 2001; Kutty et al. 2010) . As a subfamily, it presents nomenclatural difÞculty because the name predates Calliphoridae, and in that case the family name Rhinophoridae will have preference over Calliphoridae for blow ßies as per International Code of Zoological Nomenclature (ICZN) guidelines. Those who advocate family status advance several hypotheses for the systematic placement of rhinophorids. Rohdendorf (1967) favored monophyly of Rhinophoridae ϩ Sarcophagidae; Tschorsnig (1985) favored monophyly of Rhinophoridae ϩ Calliphoridae; McAlpine (1989) favored monophyly of Rhinophoridae ϩ Tachinidae; Pape (1992) considered it a sister group of Calliphoridae ϩ Oestridae; Rognes (1997) thought it was either a sister group of Calliphoridae ϩ Oestridae or of all other Oestroidea except Mystacinobia and Axiniidae, and Pape and Arnaud (2001) placed Rhinophoridae (including Axiniidae) as a sister group of Rhiniinae. Mystacinobia Holloway. These ßies are so specialized that a particularly wide range of systematic hypotheses have been proposed. Maa (1971) placed them in the superfamily Hippoboscoidea based on superÞcial resemblance to bat ectoparasites. Holloway (1976) placed Mystacinobia in superfamily Ephydroidea (as Drosophiloidea) based on various head, thorax, and leg features. As these body parts are highly modiÞed in Mystacinobia for phoresy, GrifÞths (1982) did not consider these characteristics reliable and proposed its inclusion within Oestroidea based on various abdominal characters.
Although, inclusion of Mystacinobia within Oestroidea is now well-supported both by morphology (mesohypophallus sclerotized, vertical row of setae on meron, etc.; Rognes, 1997) and DNA based cladistic analysis (Kutty et al. 2010) , its relationship with other oestroid taxa is still uncertain. GrifÞths (1982) placed Mystacinobia in the Calliphoridae based on the structure and number of spermathecal ducts, as did Gleeson et al. (2000) in a limited study using a 511 bp 16S ribosomal RNA gene. Kurahashi (1989) erected a separate subfamily Mystacinobiinae within Calliphoridae without explanation. The large number of autapomorphies in almost all life stages led recent authors to accept a separate family Mystacinobiidae (McAlpine 1989 , Rognes 1997 . A morphological cladistic analysis supports Mystacinobia as the most basal oestroid (Rognes 1997) , whereas a molecular systematic analysis supports it as a sister-group of Sarcophagidae (Kutty et al. 2010 ).
McAlpine's Fly. McAlpineÕs ßy is an unusual and undescribed calyptrate ßy that was named after its collector Dr. D. K. McAlpine. Ferrar (1979) placed it in superfamily Muscoidea based on its afÞnity with family Anthomyiidae (dung feeding habit), but he also observed that its male genitalia was very similar to calliphorids, and adult females were unilarviparous. Recent molecular systematic analysis favored its inclusion within Oestroidea, as a sister group of Mystacinobia (Kutty et al. 2010) . The purpose of this study is to generate a robust phylogeny of the Calliphoridae, including all of the problematic taxa mentioned above, within the larger context of the entire Oestroidea.
Materials and Methods
Specimens and DNA Extraction. In total, 51 representative species from 10 subfamilies of the Calliphoridae and from all six families of the Oestroidea were included. We followed PapeÕs (1992) suggestion for selection of outgroups, using Þve representative species from three calyptrate (Glossinidae, Faniidae, and Muscidae) and one acalyptrate (Drosophilidae) families (Table 1) . DNA was extracted from thoracic tissues (except Oestrus ovis L., Hypoderma lineatum De Villers, and Mystacinobia zelandica Holloway; see below) of 95% ethanol preserved specimens by the or- Table  1 for accession numbers with "a"). There were 1,435 bp of the COI gene ampliÞed using primers and protocol as mentioned in Wells and Sperling (1999) ; 850 bp of CPS gene were ampliÞed using the primers and polymerase chain reaction (PCR) protocol of Moulton and Wiegmann (2004) and . Additional CPS gene primers were designed with the help of primer 3 software (Rozen and Skaletsky 2000) for those taxa that did not amplify using published CPS gene primers (Table 2) ; 1,240 bp of EF1␣ gene were ampliÞed using primers and PCR protocol as described in McDonagh (2009). Approximately 2,200 bp of 28S rRNA gene were ampliÞed using primers and protocol as in Stevens and Wall (2001) . All primers were purchased from either Integrated DNA Technologies, Inc. (Coralville, IA) or Operon Biotechnologies, Inc. (Huntsville, AL). Other PCR reagents were purchased from Promega Corp. (Madison, WI). Most PCR reactions consisted of 25 l total volume containing 12.5 l of 2X Promega Master Mix (Catalog M7505), 2 l (10 pmol) of each primers, 1Ð3 l (10 Ð30 ng) of template DNA and remaining water. A smaller volume (10 Ð15 l) was used for some taxa with precious template DNA. All reaction components were in the same proportion. All DNA ampliÞcations were carried-out in a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA).
Sequencing and Sequence Alignments. The ampliÞed products were cleaned by using ExoSAP-IT (USB Corporation, Cleveland, OH) as per manufacturerÕs instructions. Direct sequencing was performed on the puriÞed product with the same primers used for PCR and using a Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The sequencing protocol was as described in . The sequencing product was separated on an Applied Biosystems 3130xl genetic analyzer. Sequence Þles were edited using Sequence Navigator (Applied Biosystems). Many overlapping regions of these gene sequences were also obtained from the GenBank database (Table 1) . Protein coding COI, CPS, and EF1␣ genes were aligned manually in Sequence Navigator (Applied Biosystems). All newly sequenced protein coding genes were indel free. For the alignment of 28S rRNA genes, which are often difÞcult to align because of a high degree of length heterogeneity (De Rijk et al. 1995 , Gillespie 2005 , we performed multiple sequence alignments (MSA) in two steps. Initially, MSA was performed in Muscle v3.8.31 (Edgar 2004 ) using the default parameters, for most of the species with comparatively complete 28S rRNA gene sequences. Next, ambiguous hypervariable regions of 28S rRNA gene were excluded from the alignment using MEGA 5 (Tamura et al. 2011 ) and only 1,664 bp of 28S rRNA gene was used for further phylogenetic analysis. Some species with comparatively smaller 28S rRNA gene sequence lengths were aligned separately by Muscle (Edgar 2004 ) as implemented in MEGA 5 (Tamura et al. 2011 ) using already cropped 1,664 bp sequences of closely related taxa as a reference sequence. Final MSA of the 28S rRNA gene was checked by eye for sequence homology. Aligned and nexus Þles for all genes are available on request from the Þrst author.
Phylogenetic Analyses. Phylogenetic analyses were carried out on 5,189 characters from 56 taxa using maximum parsimony (MP), maximum likelihood (ML), and Bayesian methods (BA). For all analyses, indels were coded as missing data and not as a Þfth character, because indel coding generally has negligible effects on tree topology (Kutty et al. 2008 (Kutty et al. , 2010 . MP analysis was performed in PAUP v.4b10 (Swofford 2003) , for 1,000 bootstrap replications using an equally weighted heuristic search and tree-bisection-reconnection (TBR) branch swapping options. ML analysis was carried out for 100 bootstrap replications in Garli v.1 (Zwickl 2006 ) with default options. Best Þt model (GTR ϩ I ϩ G) for ML analysis was determined in Modeltest v.3.7 (Posada and Crandall 1998) based in Akaike Information Criterion (AIC). Similarly, best Þt model (GTR ϩ I ϩ G) for BA was determined in MrModeltest (Nylander 2004 ) based on AIC. BA was performed for two concurrent sets of six independent chains (Þve heated and one cold) for 3.5 million generations sampling every 100 generations using the default parameters in Mr. Bayes v.3.1.2 (Huelsenbeck and Ronquist 2001) . After 3.5 million generations, SD of the split frequencies was 0.007, much lower than the generally recommended level of 0.01. After observing the likelihood plot, out of 35,001 trees from each run, GAC CAT TTG TTT TGG CTG CT  2  Calcad908R  AAT CAA TGG ATT GGG GAG AA  3  Calcad627F  AGT TCG ATT GGT GTG CTG TG  4  Calcad1011R  CAG AAA GCT ATG GCC GAT TC  5  Oescad300F  AAC CCA CCG ATA AGA GAC CA  6  Oescad594F  TCG ATA CTG TGG CTG GTG AA  7  Oescad770F  TTG AGA AAT CTG GGC AAA CC  8  Oescad1287R  TCC TTG GCT TCC GTT AAG AA  9  CadT2207F  AGT GTG GGC GAG GTA ATG TC  10  CadT2370F  CTG CCT TGA AAG CCA ACT TC  11  CadT3156R  CAG AAA GCT ATG GCC GAC TC 28,000 trees were discarded as the burnin, and the remaining trees (7,001) were used for generation of the 50% majority rule consensus tree. Posterior probabilities were calculated as branch support from all trees that remained after setting burnin. Although nodes with Bayesian posterior probability (PP) Ն 0.65 are shown on the tree (Fig. 1) , only nodes having PP Ն 0.95 were deemed signiÞcant (Huelsenbeck and Ronquist 2001) . All trees were edited using software MrEnt v.2.2 (Zuccon and Zuccon 2010).
Results
Out of 5,189 characters, 1,423 were parsimony informative. MP, ML, and BA analyses produced almost identical trees, but the Bayesian tree ( Fig. 1) was better supported at deeper nodes (PP Ն 0.95). Oestroidea was monophyletic, as were Rhinophoridae and Tachinidae in BA and ML, but not in MP (Fig. 1) . The other families were not recovered and consequently there was little resolution of oestroid family relationships. However, there was strong evidence against calliphorid monophyly in that 1) Messembrinellinae fell outside of a well-supported Calliphoridae (excluding Mesembrinellinae) ϩ Rhinophoridae ϩ Tachinidae clade, and 2) Polleniinae was the sister-group of Tachinidae (Fig. 1) . Chrysomyinae was found to be closely allied to the mostly social insect predator/parasite taxa, Bengaliinae and Rhiniinae rather than to the other familiar blow ßies. Luciliinae ϩ (Calliphorinae/ Toxotarsinae/Melanomyinae) was strongly supported. All calliphorid subfamilies (except Calliphorinae) and genera for which we had more than one species were monophyletic (Fig. 1) .
Discussion
Relationships Between Oestroid Families. We conÞrmed the earlier conclusion of oestroid monophyly (Pape 1992 , Rognes 1997 , Kutty et al. 2008 , Kutty et al. 2010 . Our well-supported Calliphoridae (excluding Mesembrinellinae) ϩ Rhinophoridae ϩ Tachinidae is in agreement with Wiegmann et al. (2011) but at odds with the hypotheses that Sarcophagidae is the sister group of Tachinidae (Pape 1992 , Rognes 1997 , Tachi and Shima 2010 or Calliphoridae (Marinho et al. 2012) and also suggests to us that Rhinophoridae is either closely related to Calliphoridae (Tschorsnig 1985; Rognes 1986 Rognes , 1991 Kutty et al. 2008) or Tachinidae (Wood 1987 , McAlpine 1989 and not to Sarcophagidae (Rohdendorf 1967) . Morphologically, Rhinophoridae looks intermediate between typical calliphorids and typical tachinids (Pape 1986) .
The systematic position of Mystacinobia Holloway within Oestroidea is not well-resolved in our analysis but it is certainly not a member of Calliphoridae (GrifÞths 1982 , Kurahashi 1989 , Gleeson et al. 2000 . Although, we did not recover the Mystacinobia ϩ McAlpineÕs ßy reported by Kutty et al. (2010) , our results do agree with them in that McAlpineÕs ßy falls within the Oestroidea.
Relationships between oestroid families were mostly unresolved as was the case in previous molecular studies (Kutty et al. 2010 , Wiegmann et al. 2011 , Marinho et al. 2012 . It may be that these groups evolved recently in a very short span of time and hence lack enough character accumulation for any phylogenetic resolution (Wiegmann et al. 2011) . These results add to a growing body of work supporting rhinophorid monophyly (Pape 1992 , Pape and Arnaud 2001 , Kutty et al. 2010 . They are in conßict with the Rhiniinae ϩ (Sarcophagidae ϩ Tachinidae) (Rognes 1997) or Rhiniinae ϩ (Sarcophagidae ϩ Calliphoridae) (Marinho et al. 2012 ) and we believe that they undermine the case for elevating Rhiniinae to family rank (Evenhuis et al. 2008 , Kutty et al. 2010 , Marinho et al. 2012 ) (see next section).
Relationships Within and Between Calliphorid
Subfamilies. Our result supports the earlier DNA analysis of Kutty et al. (2010) in that Melanomyinae is nested within Calliphorinae, and this combined lineage is sister to Toxotarsinae. This is an unsurprising result for Melanomyinae, the species of which have often been classiÞed as Calliphorinae (Kurahashi 1970 , Downes 1986 , Schumann 1986 ). However, a sister-group relationship between Calliphorinae and Toxotarsinae is incongruent with morphology based well-supported groups such as Chrysomyinae ϩ Toxotarsinae (Rognes 1997) or Chrysomyinae ϩ Rhiniinae ϩ Toxotarsinae (Pape 1992) . Monophyly of Calliphorinae ϩ Toxotarsinae was also advocated by Greenberg and Szyska (1984) based on larval morphology and developmental rate and by based on molecular data (COI and CAD genes). Same was true in recent molecular systematic analysis by Marinho et al. (2012) .
A monophyletic Luciliinae is in agreement with previously proposed hypotheses (Rognes 1991 , Wallman et al. 2005 , McDonagh 2009 , Kutty et al. 2010 , Marinho et al. 2012 . Within Luciliinae, the close relationship of Lucilia and Dyscritomyia was also observed by Wells et al. (2002) .
Strong support for monophyly of Chrysomyinae is in agreement with morphological (Rognes 1991 (Rognes , 1997 and some (McDonagh 2009 , Marinho et al. 2012 but not all (Kutty et al. 2010) , recent molecular systematic analyses. Unlike our recent investigation of this subfamily , these results do not include a lineage with members of the traditional tribe Phormiini and the genus Chrysomya. This may be because we included far fewer Chrysomyinae in the present analysis.
Morphologically, Bengaliinae (including tribe Bengaliini and Auchmeromyiini) have always been considered as a natural assemblage (Pape 1992; Rognes 1997 Rognes , 2011 ) and here we recover it based on molecular data. Strong support for the monophyly of Auchmeromyia Brauer & Bergenstamm ϩ Cordylobia Gruenberg is in agreement with Stevens (Stevens 2003) , who proposed its monophyly based on 28S rRNA gene. Similarly, monophyly of Verticia Malloch ϩ Auchmeromyia is in agreement with recent extensive morphological cladistic analysis (Rognes 2011) . Verves (1986) and Shewell (1991) placed Eurychaeta within Sarcophagidae, while Rognes (1986) and Pape (1992) thought it was within or the sistergroup, respectively, of Calliphoridae. Although the systematic position of Helicoboscinae is not well-resolved in our analysis, it is certainly not a member of Sarcophagidae (Fig. 1) .
Mesembrinellinae has similarly been difÞcult to place because these ßies show so many unique characters (Shannon 1923 , Hall 1948 , James 1970 , Hennig 1973 , Rognes 1991 , Pape 1992 . We found that it is not a subfamily of Calliphoridae and is therefore probably worthy of the family status proposed by Guimarães (1977) . Pape (1986) argued that family status of Mesembrinellinae implied an adjustment to commonly understood morphological character polarity, that would in turn make Mesembrinellidae the sister group of all other oestroid ßies. Although systematic position of the Mesembrinellinae within Oestroidea is not well-resolved in our analysis, it is evident that it is neither a member of Calliphoridae (Pape 1986 (Pape , 1992 Rognes 1997 ) nor a sister group of Rhinophoridae (Kutty et al. 2010) or Tachinidae (Kutty et al. 2010 , Marinho et al. 2012 (Fig. 1) . Marinho et al.Õs (2012) conclusion that Calliphoridae is paraphyletic may have been at least in part because their analyses did not include Polleniinae and Rhinophoridae, which rendered Calliphoridae polyphyletic in this study.
Evolution. A majority of calliphorid larvae are carrion breeders, but several members of this family also cause myiasis in vertebrate and invertebrate hosts (Stevens 2003) . This result in combination with suggests to us that obligate parasitism of warm-blooded animals by calliphorid larvae evolved independently in Chrysomya bezziana, Cochliomyia hominivorax (Coquerel), Protocalliphora sialia Shannon & Dobroscky, and Auchmeromyia luteola (F.), and hematophagy evolved independently in Protocalliphora Hough and in Auchmeromyia (Stevens 2003 , McDonagh 2009 . Strong support for the sister group relationship between Polleniinae and Tachinidae suggest that earthworm parasitism among calliphorid ßies evolved independently in Polleniinae and in the Onesia-group of Calliphorinae. Similarly, our results suggest at least two independent evolutions of snail parasitism (Helicoboscinae and Melanomyinae) in Calliphoridae. Interestingly, all calliphorid subfamilies that cause parasitism to ants and termites (Bengaliinae and Rhiniinae) (SeniorÐWhite et al. 1940 , Zumpt 1965 , Dear 1977 , Pont 1980 , Kurahashi 1989 emerged as a monophyletic group in our analysis ( Fig. 1) , which suggests to us that social insects parasitic behavior evolved once in the Calliphoridae.
Although our study provided answers to several systematic questions of the Oestroidea, there are some that need further attention. Most importantly the relationship between and within some oestroid families are still unsupported by DNA data. Monophyly of Oestridae is still unclear. In future studies, a better strategy might be to use methods that are less prone to homoplasy such as mobile elements or micro-RNAs.
